A compact electro-optic modulator on silicon-on-insulator is presented. The structure consists of a III-V microdisk cavity heterogeneously integrated on a silicon-on-insulator wire waveguide. By modulating the loss of the active layer included in the cavity through carrier injection, the power of the transmitted light at the resonant wavelength is modulated. ~10 dB extinction ratio and 2.73 Gbps dynamic operation are demonstrated without using any special driving techniques. The results are consistent with the theoretical simulations.
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INTRODUCTION
Silicon-on-insulator (SOI), an emerging platform for optical interconnections, has attracted considerable research interest in recent years, largely motivated by its CMOS compatible fabrication process, and the possibility to integrate with electronic circuits [1] . One example of this type of integrated devices is an electro-optic modulator on SOI. The refractive index of silicon can be modified through carrier injection or depletion [2] [3] [4] [5] [6] [7] [8] . This effect, so-called the free carrier dispersion (FCD) [9] , is so far the best all-silicon solution to achieve a fast and efficient optical modulator on SOI, due to the fact that silicon exhibits very weak or even zero coefficients of other common electro-optic effects, e.g., the Pockels effect, the Kerr effect, and the Franz-Keldysh effect. Devices based on carrier depletion can offer a fast operation speed. 40 Gbps bit rate has been demonstrated, recently [4] . However, due to the small light confinement in the depleted region, the interaction length of the device has to be large (e.g., in the order of millimeter [2] [3] [4] ), or a high drive voltage is required, to ensure enough modulation depth. On the other hand, carrier injection approach can improve the modulation efficiency, but the speed is limited by the slow carrier injection/recombination processes in silicon [5] [6] [7] [8] .
Based on carrier injection, <1 Gbps nonreturn-to-zero (NRZ) modulation has been reported originally [5, 6] , and ~10 Gbps has been achieved by using the pre-emphasis driving technique [7, 8] .
III-V compound semiconductors can provide a variety of electro-optic effects for light modulation, and they are often much faster and stronger than those in silicon. Heterogeneous integration of the III-V active material with the silicon passive waveguide would be a promising approach to improve the performance of such a modulator on SOI. Recently, a hybrid silicon evanescent modulator with a length of several hundred microns has been proposed employing the electroabsorption effect in a III-V multiple-quantum-well region bonded on top of an SOI waveguide [10] . In this letter, we introduce a carrier-injection-based microdisk modulator on the heterogeneous III-V/SOI platform. By using a resonant structure, the dimension of the proposed device is shrunk below 10 um. Different from the FCD employed in the all-silicon approaches, the working principle here is based on the fact that the loss/gain of the active material in the microdisk cavity (MDC) varies with current injection. >10 dB extinction ratio and 2.73 Gbps operation speed are achieved in the proposed device without using any special driving techniques. Figure 1 shows a sketch of the experimental setup. The cavity was formed by a III-V microdisk with a diameter of 7.5 um and a thickness of 1 um. This III-V layer was bonded on top of an SOI wire waveguide (dimension: 500×220 nm 2 ) prior to the definition of the disk. A p-i-n diode with three strained InAsP quantum wells (absorption edge at ~1620 nm) was embedded in this III-V layer along the vertical direction for carrier injection. We refer to Ref. [11] for detailed epilayer structure and the corresponding parameters. The microdisk is driven by a voltage signal directly from a pattern generator through a high-speed ground-signal-ground (GSG) probe. Transverse-electric (TE) polarized light from a tunable laser was coupled into the SOI waveguide. The input light then interacted with the whispering-gallery mode (WGM) circulating around the perimeter of the MDC through vertical evanescent coupling. The WGM experiences either a loss or a gain depending on the bias current. The transmitted light in the SOI waveguide was collected. For dynamic measurements, it was first amplified by an Erbium-doped fiber amplifier (EDFA), and a bandpass filter was employed to suppress the spontaneous emission noise.
FABRICATION AND EXPERIMETNTAL SETUP

STATIC MEASUREMENT RESULTS
The working principle of the proposed modulator is as follows. When no current is injected, the intrinsic loss of the III-V microdisk is high for the light propagating in the SOI waveguide, as compared to the coupling strength between them. Thus, The MDC is actually working in an under-coupled regime [12] . There would be no obvious resonance absorption for the transmitted light. When a current is injected, the loss of the micro-disk is partially compensated by the gain from the active layer due to the carrier injection. In this case, the MDC could be critically coupled. Therefore, at the resonance wavelength, all the light would be dropped in the MDC. Figure 2 shows the static transmission measurement results with different bias voltages/currents. The MDC was always driven below its lasing threshold, which is 800 uA. As we can see, at zero bias, no resonance dip is observed. As the current increases, the resonance becomes more and more obvious, and the line width decreases as well due to the reduced losses. The best extinction ratio of about 19dB is obtained at 1.18V/540µA. Further increasing the current makes the extinction ratio drop, meaning that the MDC probably works in an over-coupled regime. The bias current used here is still high (hundreds of µA), as compared to the all-silicon ring modulator (tens of µA) [5, 6] . This is partially due to the disk structure employed. Since the optical field is confined at the edge of the micro-disk, the current going through the center part is wasted. Actually, the current density in these two cases is at the same level. Therefore, a significant decrease of the power consumption is expected by, e.g., creating a hole in the center of the disk to block the unnecessary current, or employing an ultrasmall disk as demonstrated in [13] . Reducing the number of quantum wells and, in the meantime, the disk thickness (to ensure the same light confinement in the quantum wells) can also decrease the current.
Besides through carrier injection as proposed here, the loss of a III-V active layer can also be modified via a fast field effect, e.g., the electro-absorption effect under a reverse bias [9] . This can largely reduce the power consumption. The insertion loss of the device is expected to be ~3 dB due to the coupling to the higher order mode supported by the 1 um thick III-V layer [14] . In order to analyze the above static results, we employ the following rate equation to model the dynamics in MDC [13] :
where, N is the carrier density in the MDC, and I is the bias current. Here, we ignored the stimulated recombination of the carrier due to the injected photons in the cavity. Please refer to Sec. 0 for further discussions about this effect. The relation between the mode gain G of the WGM and the carrier density N in the MDC can be expressed as follow [13] :
The meanings of other parameters in Eqs. (1)- (2), as well as the corresponding values, are all denoted in Tab. 1.
A time-domain coupled-mode theory is used to analyze the interaction of the cavity resonance with the SOI waveguide mode [15] . The relation between the transmission T and the frequency ω of the input laser is expressed as: 
where, ω 0 is the resonant frequency, v g =c 0 /n g is the group velocity of the WGM (c 0 is the light speed in vacuum and n g =3.4 is the group index), α c is distributed coupling loss between the MDC and the SOI waveguide, α o is the loss of the WGM, which includes the scattering loss, the radiation loss, the free carrier absorption loss due to doping, etc., but excludes the gain of the active layer (G). The best fitting for the results in Fig. 2 by using Eq. (3) gives α c =5.5 cm -1 and
, which is close the values reported in Ref. [11] . The relation between the mode gain G and the bias current can also be obtained by the above fitting. The data is plotted in Fig. 3 together with the theoretical calculation from Eqs. (1) and (2). Two results show good agreement. fitting from Eq. (3) calculation from Eqs. (1) and (2) mode gain G (cm -1 ) biase current (mA) Fig. 3 . Relation between the mode gain G and the bias current. Stars show the fitting data of the static results in Fig. 2 by using Eq. (3). Solid line shows the theoretical calculation from Eqs. (1) and (2).
It is worthwhile to note that the positions of the transmission dips also vary under different bias conditions in Fig. 2 . This dip first blue-shifts as the current increases due to the increase of the carrier density in the active layer, similar to the FCD effect employed in the all-silicon modulators [5] [6] [7] [8] . As the bias increases further, the thermo-optic effect starts to take over, and a red-shift is therefore observed. The thermal resistance of the proposed was measured to be 9 K/mW [16] . Assuming the thermo-optic coefficient of the III-V material to be 0.1 nm/K, we can deduce the resonant wavelength shift due to the pure FCD effect ∆λ FCD from that due to the thermo-optic effect ∆λ th (the total wavelength shift ∆λ= ∆λ FCD + ∆λ th ). The results are plotted in Fig. 4 . From Eqs. (1) and (2), we can also calculate the FCD-induced resonant wavelength shift theoretically with the following relations [17] :
where, ∆G is the mode gain variation, and α is the line width enhancement fact [16] . A good match between the result from Eq. (4) and the deduced resonant wavelength shift excluding the thermo-optic effect can be obtained by taking α=4, which is a typical value of the active material used in the proposed devices [13, 17] . 
EFFECT OF THE INPUT LASER POWER
In the above analysis, we ignored the impact of the input laser power. Indeed, the stimulated excitation or recombination of the carriers caused by the resonant photons in the MDC would affect the value of G, as well as the transmitted power.
To study this effect, we recorded the extinction ratios at different input power levels, and the results are shown in Fig. 5 . For 540 uA bias the extinction ratio drops obviously as the input power increases, and it is saturated around 10 dB. While, for 400 uA bias the extinction ratio is rather stable within 10 dB±1 dB at different power levels. This can be explained if the active layer is at transparency (i.e., G=0) at 400 uA bias. In this case, no stimulated excitation or recombination occurs. Thus, G and the extinction ratio are not affected by the input power. While, at a higher bias the active layer exhibits a gain (i.e., G>0). The stimulated recombination of the carriers gradually saturates this gain due to the increased photon density in the MDC, and G increases back to 0 at a high laser power. As a result, the extinction ratio drops to the value at transparency, i.e., ~10 dB. Similar behavior was also observed at a lower bias, where the extinction ratio increases as the input power increases due to the absorption bleaching of the active layer. For a practical modulator, the modulation depth should not depend on the input laser power. Therefore, we can conclude that the best operation point for the proposed device should be at 400 uA injection current. 
DYNAMIC MEASUREMENT RESULTS
The dynamic result of the optical modulation is shown in Fig. 6 , where the MDC was driven with a radio frequency (RF) electric signal directly from the pattern generator. The electric driving signal was a square wave from 0 V to 1.1 V at frequency of 340 MHz. The extinction ratio is about 6 dB, slightly less than the static results (10 dB for 1.1 V bias), due to the significant spontaneous emission from the EDFA. The measured rise and fall time of the modulated light are about 120 ps and 350 ps, respectively, which are faster than those of the all-silicon based modulators, where these transition time is usually in the order of nano-second [5, 6] . Employing a reverse bias (instead of 0 V) could increase the carrier extraction speed, and hence make the rising edge shaper. As show in the inset of Fig. 6 , a 35 ps rise time can be obtained with a -1.8 V bias. However, the speed of the proposed device here is mainly limited by the much slower fall time, i.e., the slow carrier injection dynamics. Thus, the reverse bias technique was not adopted in this paper. Note that the preemphasis driving technique could also be introduced here to increase the carrier injection speed, as it has been demonstrated for the all-silicon ring modulator [7, 8] . In Fig. 7 , we further show the waveform of the electric driving signal using a 32-bit NRZ pattern, as well as the corresponding optical signal, at a bit rate of 2.73 Gbps. As we can see, the information was reversely transferred onto the laser beam.
CONCLUSION
We have introduced an electro-optic modulator with a III-V MDC heterogeneously integrated on an SOI wire waveguide. By modulating the bias current, the active layer in the MDC works between a high loss and transparency. Therefore, the drop efficiency of the cavity, as well as the power of the transmitted light, is also modulated. ~10 dB extinction ratio and 2.73 Gbps dynamic operation have been demonstrated without using any special driving techniques.
A rate equation based model has been employed to analyze the static results. Good agreement has been obtained.
